Gas-phase fullerenes emit thermal electrons after femtosecond laser excitation in the wavelength range 400 -800 nm. We have used angular-resolved photoelectron spectroscopy (PES) to study the influence of the laser's electric field on the dynamics of the thermally emitted electrons. The laser field introduces an asymmetry in the thermal electron distributions with respect to the laser polarization direction, which was confirmed by carrying out experiments at different wavelengths. A simple model could reproduce the trends in measured apparent temperatures in the PES. The asymmetry effect was exploited in a pump-probe experiment to estimate the timescale for thermal electron emission. It was found that, when using 400 nm, 120 fs laser pulses of 2 TW cm -2 intensity, thermal electrons are emitted up to ca. 300 fs after the peak of the laser pulse. The pump-probe scheme should be applicable to a wider range of complex molecules and clusters showing thermal electron emission on a fs timescale.
INTRODUCTION
The properties of photoexcited carbon nanoparticles and large organic molecules are of interest for the development of organic photonics, electronics and photovoltaic devices. Fullerenes can be considered as nanoscale carbon clusters and are ideal model systems to achieve a deeper understanding of these systems because their high symmetry and simple chemical composition simplifies theoretical modeling. 1 An additional advantage of using fullerenes is that it is relatively straightforward to produce a beam of neutral, mass dispersed molecules in the gasphase, which is ideal for studying intramolecular decay processes since there is no coupling to any surrounding surfaces or solvents.
Femtosecond laser pulse excitation of C 60 using photon energies lower than the ionization energy results in rapid redistribution of the excitation energy among the valence electrons before the onset of significant coupling to vibrational degrees of freedom. [2] [3] [4] [5] Due to the low photoionization rate of the excited valence states (on the order of 10 10 s -1 ) during the ca. 100 fs laser pulse of moderate intensity (10 11 -10 13 Wcm -2 ), these states will not directly ionize. 6 Instead, the molecules continue to absorb more energy from the pulse which eventually leads to the emission of thermal electrons. These thermal electrons show an exponential kinetic energy distribution in photoelectron spectra (PES), I(ε) ∝ exp(−ε/k B T a ), with ε being the electron kinetic energy and T a the apparent electron temperature. The latter can give insights into the thermodynamical properties of the valence electrons and the coupling to vibrational degrees of freedom. The thermal electrons of interest here should not be confused with thermionic electron emission that is observed from fullerenes 7 and some other cluster species after coupling to the vibrational degrees of freedom has occurred. 8 Thermionic electron emission is seen to occur after excitation with ps or ns laser pulses and takes place on a much longer, microsecond timescale.
Other species such as larger fullerenes, 4,9 endohedral fullerenes, 9, 10 sodium clusters, 11, 12 and polycyclic aromatic hydrocarbons (PAHs) 13 have all been reported to show thermal photoelectron spectra following excitation with fs laser pulses.
In fullerene fs PES, a series of clear peaks are also observed superimposed on the thermal background. These peaks are attributed to single-photon ionization of diffuse Rydberg-like states, which have much higher photoionization rates (on the order of 10 14 s -1 ) than the more localized valence states and are therefore promptly photoionized during the fs laser pulse. 6, 14 This paper, however, focuses on the electrons with a thermal kinetic energy distribution.
Based on relatively simple modeling of a transient thermal emission mechanism, occurring before the excitation energy is coupled to vibrational modes, the majority of the thermal electrons are expected to be emitted during the timescale of the excitation laser pulse. 3 However, since the emission is thermal, the emission time is expected to be uncorrelated with the phase of the laser electric field. This was shown in Ref. 5 to lead to an asymmetry in the electron kinetic energy distributions with respect to the laser polarization direction since thermal electrons emitted at the peak of the vector potential (zero electric field) will gain an additional momentum kick along the polarization direction. This is a well-known phenomenon, explained by classical electrodynamics, and is often used in attoscience for pulse duration measurements. 15 In the present study, we have verified this hypothesis with measurements using different laser wavelengths and have also used the asymmetry effect in a pump-probe scheme to estimate the timescale for thermal electron emission.
The paper is organized as follows. In the first part of the paper, the experimental setup and the simple model describing the temporal evolution of the internal energy of the fullerene's electronic system are described. In the second part of the paper, the measured asymmetry for a number of different laser wavelengths is presented, and is seen to support the proposed interpretation. The results of the simple model are then compared to the experimental results and reasonable agreement is found. In the final part of the paper, the field interaction with the emitted electrons is used to estimate the timescale of thermal electron emission from highly electronically excited fullerenes using a pump-probe scheme.
METHODS

EXPERIMENTAL SETUP
The experimental setup is shown in Figure 1 a). An effusive molecular beam was obtained by heating purified C 60 powder (99.95% purity, SES Research) in an oven to 500 °C (see Figure 1 b). The oven was situated in a vacuum chamber below a larger vacuum chamber, where the molecules were ionized, and the two chambers were connected through a 4 mm diameter orifice.
Ion optics, electron and ion detectors were mounted in the larger chamber (Figure 1 The 800 nm, 110 fs output of a Ti:Sapph regenerative amplifier was used for the experiments.
The second harmonic, generated in a BBO crystal was also used. The regenerative amplifier pumped a commercial non-collinear parametric amplifier (NOPA) producing pulses with tuneable wavelength in the range 490 -1100 nm. A half-wave plate and a Glan-laser polarizer were used to control the laser power and polarization direction. The pulse duration was measured using a home-built second-order autocorrelator consisting of a BBO doubling crystal and the pulse duration of the NOPA was determined to be in the range 50 -90 fs after passing through the waveplate, polarizer and a vacuum viewport (consisting of 2.5 mm of Kodial glass). The laser beam was focused (f = 30 cm) into the vacuum chamber and the intensity was estimated by using the properties of Gaussian beams when focused in combination with the measured pulse duration and energy. Multiphoton ionization via Freeman-type resonances in Xe was also used to calibrate the laser intensity in the laser focus. 17 The agreement between the two methods was better than 15 %.
The laser beam intersected the effusive molecular beam at right angles and the photoproducts were extracted using a similar set of electrodes to those in Ref. 4 The ions were extracted into a linear time-of-flight (TOF) mass spectrometer using a set of electrodes in a Wiley-McLaren configuration with a typical acceleration voltage of 3 kV, as shown in Figure 1 c). The ions were detected using a chevron-style MCP detector and after passing the signal through a preamplifer and an oscilloscope, the ion TOF spectra were recorded on a computer using a LabVIEW program. The electrons were extracted using a set of electrodes allowing for velocity-map imaging onto a combination of MCPs and a phosphor screen. The image on the screen was recorded using a CCD camera and typically 10 6 -10 7 laser shots were used to produce one VMI image. The images were subsequently inverted using a modified version of POP 18 (including up to the 10 th Legendre polynomial). The inverted VMI images were integrated in 10º angular segments to get the angular resolved PES, which were subsequently analysed by fitting a thermal distribution to each spectrum. Typically, the fitted apparent temperatures along the laser polarization direction were compared to the apparent temperatures fitted perpendicular to the laser polarization direction.
For the pump-probe experiment, 400 nm pulses were used as the pump and the 60 fs, 900 nm output from the NOPA was the probe. The delay between the two beams was controlled using a motorized translation stage. The sum-frequency generation (SFG) signal of the two beams was recorded outside the chamber and gave a FWHM of 140 fs. The two beams were then passed collinearly through the vacuum chamber using a dichroic mirror and after the output vacuum window, a concave metallic mirror (f = 30 cm) focused the two beams back into the vacuum chamber. Xe ion yields were recorded to determine time zero. Once time zero had been established, VMI images were collected as a function of pump-probe delay and subsequently inverted and analyzed to obtain the apparent temperatures along and perpendicular to the laser polarization direction.
COMPUTATIONAL DETAILS
For relatively large molecules, such as C 60 , the large density of states leads to an efficient energy redistribution through the population of a wide range of vibronic states. It is therefore very demanding to model the dynamics of highly excited fullerenes using an ab-initio method. A simpler approach is to consider the valence electrons as a free-electron gas that is heated by the incoherent absorption of photons from the laser pulse. The energy absorbed by the electrons will eventually couple to the vibrational degrees of freedom of the molecule, quenching the electronic excitation energy.
The calculation of the temporal evolution of the internal energy E(t) of the electronic system of the fullerenes can be used as an input to model the electron emission via a simple first-order decay to obtain emission rate constants, which in turn can be used to calculate experimental observables such as the apparent electron temperature. We follow the procedure used in Refs 4,5, 13 .
The internal energy is calculated by solving the following differential equation
where σ p is a constant, average photon absorption cross-section, I(t) is the laser intensity, assumed to have a Gaussian time dependence, and τ is the time constant for coupling to vibrational degrees of freedom (set to 240 fs based on the work in Ref. 3 
where A 0 ≈ 2.7 × 10 15 s -1 (value from Ref. 5 ), Φ is the ionization potential of C 60 (7.6 eV) and the electron temperature T is close to the mean of the neutral and ion temperatures. By treating the valence electrons as a free electron gas, it is possible to estimate T(t) from Fermi-Dirac statistics 20
( )
where N is the number of valence electrons (240 for C 60 ) and E F ≈ 20 eV is the Fermi energy (equivalent to the chemical potential at absolute zero,
with V the volume of the C 60 shell (and m e the mass of the electron).
The number of neutral molecules in the beam is n(t) and assuming first-order kinetics, the rate of ionization is
Due to the relatively low laser intensities used in this work, multiply charged species were omitted in the calculations. Separating variables and integrating Eq. (4) yields
This gives the surviving fraction of neutral molecules at time t
The time-dependent electron yield is related to the number of surviving molecules as
The photoelectron spectrum (PES) can be well-approximated with an exponential kinetic energy distribution characterised by the apparent electron temperature ! ≈ − Φ/2 ! , (here, the heat capacity of a 3D Fermi gas has been used ! = ! k ! ! /2 ! ). A detailed discussion on micro-canonical temperatures in finite systems can be found in refs. 19, 21 The instantaneous photoelectron spectrum F PES at t = t' is given by
where ε is the electron kinetic energy and k B T a is included outside the exponent for normalization reasons when integrating over all kinetic energies. By calculating F PES for each time step and each point in the focal volume (taking into account the temporal and spatial variation of the laser intensity using the same laser beam parameters that are used in the experiments), the total PES is calculated. The results show that the total PES obtained in this way can be well approximated with an exponential distribution and apparent temperatures can be fitted and compared to experiments. The values for the pre-exponential factor 5 A 0 and the vibrational coupling time constant 3 τ are taken from previous work and the only fit parameter used here is the average photon absorption cross section σ p .
To calculate the momentum kick from the field, the magnitude of the vector potential along the polarization direction is calculated A = E 0 /ω sin(ωt 0 ), where E 0 is the electric field amplitude, ω is the laser angular frequency and t 0 is the time of electron emission. For each time step, the instantaneous PES (eq. 8) is calculated using the approach outlined above and is converted from a kinetic energy distribution (no information of directionality) into a momentum distribution to distinguish between electrons emitted up or down with respect to the sign of the instantaneous vector potential. The distribution is subsequently shifted by the amount eA (e is the elementary charge) in a direction that is given by the sign of A. The shifted distribution is then converted back into a kinetic energy distribution and used to obtain the total PES. By switching the momentum transfer on and off, we can compare the asymmetry in apparent temperature along and perpendicular to the laser polarization direction.
RESULTS AND DISCUSSION
APPARENT TEMPERATURES
In Figure 2 (a), a VMI distribution is shown after exciting C 60 using 120 fs laser pulses of 400 nm wavelength and 1.4 TW cm -2 intensity. The 0 -10 degrees angular-resolved PES (approximately parallel to the laser polarization direction) and the 80 -90 degrees segment are shown in Figure 2 (b) . Apart from the structure seen mainly in the parallel spectrum, the two apparent temperatures are similar, seen from the similar slopes on the ln-lin plot. For longer wavelengths, the photon absorption cross section is lower, which means that a higher laser intensity is needed to achieve a similar apparent temperature as compared to short-wavelength excitation. When exciting with 800 nm, there is a clear difference in the velocity distribution in For the intensities and wavelengths used in Figure 2 , the perpendicular apparent temperatures are similar and so are the corresponding mass spectra. The fragmentation pattern in the mass spectrum is indicative of the amount of energy deposited in the molecule by the laser. 22, 23 Since the mass spectra and the apparent temperature fitted to the perpendicular PES for the two wavelengths are similar, the energy deposited by the laser pulse can be assumed to be similar and we argue that the perpendicular temperature, in contrast to the parallel temperature, is a useful measure of the absorbed energy. This was also proposed by Huismans et al. 24 and is used in the next section to compare apparent temperatures, calculated using the simple model, to experimental results. The asymmetry is also discussed further in the next section. 
ASYMMETRIC THERMAL ELECTRON EMISSION
In the simple model, the electron gas absorbs energy from the laser field and reaches a high temperature very rapidly. The increased temperature leads to the emission of electrons that, due to the thermal, statistical nature of the process, is uncorrelated with the phase of the electric field of the laser at the moment of ionization. However, if the electrons are emitted while the laser pulse is still present, the oscillating electric field of the laser can influence the kinetic energy of the emitted thermal electrons, which was recently explained using a model based on classical electrodynamics. 1,5 More generally, an electron born in a time-varying electric field will experience a momentum kick along the polarization direction, proportional to the instantaneous value of the vector potential at the time of birth. When an electron is emitted at the peak of the electric field, as in direct photoionization, the vector potential is zero and the increase in velocity of the electron will be zero after the pulse. If, on the other hand, the electron is born when the electric field is zero, corresponding to a maximum value of the vector potential, the electron gains up to 2U p in kinetic energy. Here U p is the average kinetic energy of a free electron in a time-varying electric field and is given by U p (eV) = 9.34 × [λ (nm)] 2 × I (Wcm -2 ) where λ is the wavelength and I the peak intensity of the field. Since thermally emitted electrons are uncorrelated with the phase of the electric field, in contrast to electrons produced by direct photoionization, a fraction of the thermal electrons will be emitted at times when there is a finite vector potential. These electrons will experience a push along the laser polarization direction, causing the experimentally observed asymmetry in the velocity distributions. As can be seen in The degree of asymmetry will depend on when the bulk of the electrons are emitted with respect to the phase and magnitude of the laser field (also taking into account the focal volume).
To gain more insights, we have used the model presented in the Methods section using only the photon absorption cross-section as a fit parameter to fit the current data. As can be seen in Figure 3 (b -f), the calculations can reproduce the intensity dependence of the perpendicular apparent temperature rather well, despite the simplicity of the model. However, the model consistently gives a lower value for the apparent temperatures along the laser polarization direction. Reasons for this remain unclear but from the model it is clear that the calculated emission times are more sensitive to the choice of parameters than the calculated apparent temperatures. This will influence the asymmetry more than it will influence the perpendicular apparent temperatures. Other effects, not considered in the simple model, might be expected to contribute as well, such as the internal polarization, re-collision effects or smeared-out abovethreshold ionization (ATI) peaks. Furthermore, the thermal model could be improved by using a more accurate density of states and calculating the rate constant using detailed balance. 3 All these effects should be considered in more detail and could potentially improve the agreement between the model and the experiments. However, despite the failings of the simple model to quantitatively reproduce the asymmetry, the results presented in Figure 3 indicate that the proposed mechanism is indeed in good qualitative agreement with trends observed in experimental data.
TIME-RESOLVED THERMAL ELECTRON EMISSION
Controlling the relative phase of an IR field with respect to the birth of a photoelectron and thereby giving the electron a kick along the laser polarization direction is frequently used in attosecond science to measure temporal events, using a technique similar to a streak camera. 15 Since delayed (with respect to the excitation pulse) thermal electron emission has not been measured explicitly for fullerenes excited with fs laser pulses, in contrast to the case for the slower microsecond timescale thermionic electron emission observed when exciting with ns laser pulses, 7, 8, 25 we have investigated the possibility to use the streaking mechanism to observe delayed electron emission on a fs time scale. When exciting using 100 -200 fs pulses it has been estimated that the rate constant from the thermal electron emission model is consistent with electron emission on the 100s of fs timescale. 3 There have been pump-probe experiments reported on thermal ionization of cationic Na clusters although these experiments monitored the timescale for coupling to vibrational degrees of freedom, and did not explicitly measure any delayed electron emission. 12 Due to the efficient ionization of Rydberg states, 6 it is not trivial to extract relevant information in a C 60 ion yield pump-probe scheme. Our approach was therefore the following. We used a short-wavelength laser pulse (400 nm, low U p ) to generate near-isotropic thermal electron emission (c.f. Figure 2 a). Introducing a low-energy IR pulse (900 nm, ca. 60 fs) with shorter pulse duration than the first pulse, will give the electrons a relatively large kick, due to the strong wavelength dependence of U p , along the laser polarization direction without causing any significant extra heating due to the low pulse energy. Ideally, an even longer probe wavelength should be used but a compromise between long wavelength and available NOPA power was made. All electrons emitted during or prior to the IR pulse will follow the IR field, but only those electrons that are born within the temporal envelope and at, or close to, the peaks of the IR pulse's vector potential will get a measurable final kick from the pulse (Figure 4 a -e). Therefore, by monitoring the asymmetry in apparent temperature parallel and perpendicular to the laser polarization direction as a function of time, it should be possible to measure delayed electron emission on the fs timescale. was used in the pump-probe experiment (probe alone did not give a signal during the pumpprobe experiment). The main 900 nm peak at ca. 0.4 eV was also seen in the PES during the pump-probe experiment at delay times close to when the two pulses were temporally overlapped.
In the experiment, the IR field did cause some additional ionization although the amount was small. This is shown in Figure 4 f), where negative delays correspond to when the IR field leads the 400 nm field. The additional ion signal comes from one-photon ionization by the 900 nm pulse of transiently excited Rydberg-like states and at this particular wavelength, the d "superatom molecular orbital" gives rise to the prominent peak at ca. 0.4 eV (see inset in Figure   4 g). 6, 14 This peak was also observed in the transient PES when the two pulses were temporally overlapped (Figure 4 g) . From the same transient angular-resolved PES, the parallel and perpendicular temperatures were recorded and are shown in Figure 5 . The probe intensity was 5 TWcm -2 , which corresponds to U p = 0.4 eV. Since the probe pulse is shorter than the expected emission time, only a small fraction of the emitted electrons will be given the extra momentum kick. Therefore, the effect we are looking for is rather weak, and indeed, the asymmetry data are noisy but there is a significant increase in the parallel temperature, starting just before zero time delay and lasting for a few hundred fs. The relatively constant perpendicular temperature indicates that the probe pulse did not cause any significant additional heating and that the increase in parallel temperature is due to the extra push imposed by the probe pulse to the thermally emitted electrons created by the pump pulse. Given the experimental results at hand, delayed electron emission after fs laser excitation seems to take place on a timescale on the order of 0 -300 fs after the initial laser pulse, for the conditions used in the experiment. The results are compared to calculated electron yields for the pump laser conditions used (using σ p = 1.0 Å 2 as in were used to create thermal electrons. The thermal electron distribution was influenced by the 900 nm, 60 fs, 5 TWcm -2 probe beam, causing an anisotropy with respect to the parallel and perpendicular apparent temperatures. Due to the relatively high intensity of the 400 nm pulse in this experiment, the parallel temperature was slightly higher than the perpendicular one, even in the absence of the 900 nm probe pulse. The sum frequency generation (SFG) signal of the two laser pulses is also shown for comparison.
CONCLUSIONS
We have experimentally investigated anisotropic electron emission from C 60 after fs laser excitation using angular-resolved photoelectron spectroscopy. We found that the observed The asymmetry effect was used to measure the timescale for thermal electron emission from C 60 and it was found that after exciting with 120 fs, 400 nm, 2 TW cm -2 pulses, thermal electrons are emitted around 0 -300 fs after the initial laser pulse. The pump-probe scheme is general and should be applicable to gas-phase clusters and other systems that may show thermal electron emission on a fs timescale. The asymmetric thermal electron distributions shown by several polycyclic aromatic hydrocarbons after fs laser excitation, 13 indicate that the pump-probe scheme could also be used to measure the dynamics of the relatively unexplored phenomenon of thermal electron emission from aromatic organic molecules. 
